Effects of extremely high carbon dioxide (CO 2 ) concentrations on soil microbial communities and associated processes are largely unknown. We studied a wetland area affected by spots of subcrustal CO 2 degassing (mofettes) with focus on anaerobic autotrophic methanogenesis and acetogenesis because the pore gas phase was largely hypoxic. Compared with a reference soil, the mofette was more acidic (DpH B0.8), strongly enriched in organic carbon (up to 10 times), and exhibited lower prokaryotic diversity. It was dominated by methanogens and subdivision 1 Acidobacteria, which likely thrived under stable hypoxia and acidic pH. Anoxic incubations revealed enhanced formation of acetate and methane (CH 4 ) from hydrogen (H 2 ) and CO 2 consistent with elevated CH 4 and acetate levels in the mofette soil.
Effects of extremely high carbon dioxide (CO 2 ) concentrations on soil microbial communities and associated processes are largely unknown. We studied a wetland area affected by spots of subcrustal CO 2 degassing (mofettes) with focus on anaerobic autotrophic methanogenesis and acetogenesis because the pore gas phase was largely hypoxic. Compared with a reference soil, the mofette was more acidic (DpH B0.8), strongly enriched in organic carbon (up to 10 times), and exhibited lower prokaryotic diversity. It was dominated by methanogens and subdivision 1 Acidobacteria, which likely thrived under stable hypoxia and acidic pH. Anoxic incubations revealed enhanced formation of acetate and methane (CH 4 ) from hydrogen (H 2 ) and CO 2 consistent with elevated CH 4 and acetate levels in the mofette soil.
13 CO 2 mofette soil incubations showed high label incorporations with B512 ng 13 C g (dry weight (dw)) soil À 1 d À 1 into the bulk soil and up to 10.7 ng 13 C g (dw) soil
into almost all analyzed bacterial lipids. Incorporation of CO 2 -derived carbon into archaeal lipids was much lower and restricted to the first 10 cm of the soil. DNA-SIP analysis revealed that acidophilic methanogens affiliated with Methanoregulaceae and hitherto unknown acetogens appeared to be involved in the chemolithoautotrophic utilization of 13 CO 2 . Subdivision 1 Acidobacteriaceae assimilated
Introduction
Mofettes are cold exhalations of volcanic carbon dioxide (CO 2 ), which migrates through the lower crust or upper mantle to the surface via tectonic faults (Kämpf et al., 2007) . Mofette soils received increasing attention as natural analogues for the potential leakage of CO 2 during carbon capture and storage and associated long-term effects on ecosystems. Although studies evaluated potential consequences of elevated CO 2 (o10%) on soil organisms and processes (e.g., He et al. 2010) , these findings had little relevance to environments where extreme CO 2 partial pressures (490%) alter soil chemistry and formation. Low pH, anoxic conditions and increased soil carbon contents are frequently observed in mofette soils (Ross et al., 2000; Blume and Felix-Henningsen 2009; Rennert et al. 2011) .
Biological responses to high CO 2 venting were mainly studied with a focus on plants, with changes in vegetation, for example, reduced growth and increased plant C/N ratios, likely due to hypoxia and/or lower nutrient availability (Pfanz et al., 2004 , Vodnik et al., 2007 . However, little is known about the effect of CO 2 seepage on active microbial communities and associated processes. Differences in the abundance of lipid biomarkers and groupspecific 16S rRNA genes were observed between mofette and reference soils at Latera Caldera, Italy (Oppermann et al., 2010) and Laacher See, Germany (Frerichs et al., 2012) . Interestingly, 13 C-enriched stable carbon isotopic compositions of total organic carbon (TOC) and individual lipid biomarkers in Latera Caldera mofette soil pointed to a considerable incorporation of volcanic CO 2 (Oppermann et al., 2010) raising the question as to which organisms are involved in the utilization of volcanic CO 2 .
In the current study, we investigated a wetland area in northwestern Bohemia, Czech Republic, where spots of subcrustal degassings lead to soil gas phase concentrations of up to 100% CO 2 . We expected the reduction of CO 2 by methanogens and/or acetogens to become the thermodynamically dominant electron accepting process in the wetlands after depletion of the usually small pools of alternative electron acceptors. Because hydrogenotrophic methanogens and metabolically versatile acetogens can tolerate slightly acidic conditions (Kü sel et al., 2000; Horn et al., 2003) , these anaerobes might be favored by the low pH, anoxic conditions, as well as the high availability of CO 2 in mofette soil (Drake et al., 2009 (Drake et al., , 2013 , thus providing an important link in the carbon flow from volcanic CO 2 to soil carbon.
To resolve whether specific anaerobic microbial groups are major consumers of volcanic CO 2 , we analyzed differences in (i) acetogenic and methanogenic potentials, (ii) diversity of active prokaryotes and (iii) pore-water biogeochemistry in different depths of mofette and reference soil. Furthermore, we studied the potential contribution of CO 2 -utilizing microbial communities to mofette carbon flow by using microcosm incubations with 13 C-labeled CO 2 . Here, we followed the incorporation of 13 C-CO 2 into biomass by lipid biomarkers analysis over time and identified labeled organisms by DNA stable isotope probing (SIP).
Materials and methods

Site description and sampling design
The wetland area containing several mofettes (50108'48'' N, 12127'03'' E) is located close to the river Plesná, in northwestern Bohemia, Czech Republic, (Flechsig et al., 2008) , in a region considered to be the seismic center of the Cheb Basin (Bankwitz et al., 2003) . Mofette soil gas consisted of predominantly CO 2 (99.83±0.03 vol.%) with a d 13 C value of -1.95±0.06% vs Vienna Peedee Belemnite Standard (VPDB) (Bräuer et al., 2004; Kämpf et al., 2013) , a minor fraction of N 2 (0.127 ± 0.021 vol.%) and traces of Ar, O 2 , CH 4 and He (ppmv range). Mofette soils were identified in the field by visible upcoming gas streams within a semi-circular region lacking vegetation. A reference soil lacking CO 2 emissions was identified with a portable landfill gas analyser (GA2000, Ansyco, Karlsruhe, Germany) in close proximity (o5 m distance). All samplings in this study were conducted on the same mofette and the respective reference soil.
Sampling was conducted according to the following exploratory scheme: in April 2011, we studied acetogenic and methanogenic potentials in different depths of mofette and reference soils. After observing pronounced differences, in June 2011, we investigated pore-water geochemistry as well as active microbial communities in both soils. Following these observations, in November/December 2011 we evaluated the role of CO 2 -utilizing microbial communities by using 13 CO 2 labeling incubations and parallel stable carbon isotopic analysis of porewater acetate, CH 4 and CO 2 . Additional comparative pore-water sampling of mofette and reference soils was performed in August 2012 to confirm previous observations.
Pore-water and soil sampling All samplings were conducted on the same mofette and respective reference soils. Pore-water samples were taken in 1-cm intervals by using a dialysis sampler with 5-ml replicate cells down to 60 cm depth after 2 weeks of equilibration . Soil samples were obtained in form of three biological replicates from 0-10 cm, 10-25 cm and 25-40 cm depth intervals with an auger (1.7 cm diameter), transported at 4 1C under an Ar-headspace for anoxic microcosms or immediately frozen in the field with liquid N 2 and stored at À 80 1C until RNA extraction.
Geochemical analysis
Pore-water redox potential, pH, and CH 4 and acetate concentrations were measured as described previously (Reiche et al., 2008) . TOC and its stable carbon isotopic composition (d 13 C) was analyzed by continuous-flow elemental analyzer-isotope ratio mass spectrometer (EA-IRMS) as described previously . Pore-water acetate d 13 C was analyzed by isotoperatio-monitoring liquid chromatography/mass spectrometry as described by Heuer et al. (2006 Heuer et al. ( , 2009 . Isotope-ratio-monitoring gas chromatography/mass spectrometry was used to determine the d 13 C of pore-water CH 4 as described previously (Ertefai et al., 2010; Hädrich et al., 2012 Takai and Horikoshi, 2000) and B-28F and B-338R (V1-V2 region; Daims et al., 1999; Loy et al., 2002) , as described previously ).
13
C-CO 2 labeling experiment Microcosm incubations.
C-CO 2 incubations (November 2011) were constructed by adding 8 g (ww) mofette soil from 0 to 10 cm or 25 to 40 cm depth to 120 ml serum bottles. The headspace was flushed three times with sterile N 2 (100%) to avoid dilution of 13 CO 2 . The headspace was then set to either 100% 13 C-CO 2 ( 13 CO 2 treatment; 499 atomic percent 13 C; Sigma-Aldrich, St Louis, MO, USA) or 100% natural abundance CO 2 (unlabeled control treatment; Linde Gas, Pullach, Germany). This procedure was repeated once a week. An extensive labeling was chosen, as CO 2 is not considered to be a microbial energy source and low overall incorporation was expected, similar to previous reports of dark CO 2 fixation in soils (e.g., Miltner et al., 2004 Miltner et al., , 2005 Yuan et al., 2012) . After 0, 5, 14 and 28 days, replicate microcosms of both treatments were sampled destructively for stable carbon isotopic analysis of d 13 C-TOC, lipid biomarkers, as well as for DNA-SIP.
Lipid and polar lipid derived fatty acids (PLFAs) analysis. Bacterial and archaeal lipid biomarkers were extracted from 1 to 2 g (dry weight (dw)) soil from the unlabeled and 13 CO 2 incubations as described in the Supplementary Information. Fatty acid methyl esters and ether-cleaved hydrocarbons were analyzed by GC-MS for identification, GC-FID for quantification and isotope-ratio-monitoring gas chromatography/mass spectrometry for stable carbon isotopic composition (Elvert et al., 2003; Lin et al., 2010) . Fatty acids are presented as the total number of carbon atoms, followed by a colon and the number of double bonds. The prefixes ai and i denote methylation in anteiso-and iso-position, respectively. 10Me signifies a methyl group in C-10 position.
DNA-SIP analysis. DNA was extracted from samples of the 13 CO 2 incubations and unlabeled control treatment to perform SIP. We chose to analyze 0-10 cm because our incubation experiments and pore-water data suggested parallel methanogenic and acetogenic activity mainly in shallow depths, as described in Results and Discussion. DNA-SIP was chosen over RNA-SIP because DNA-labeling occurs during cell doubling and extraction yields and consistency from the organic-rich mofette soils were generally higher than those of RNA. DNA extracts from samples collected on 0, 5, 14 and 28 days were separated by using CsCl density gradient centrifugation as described previously (Date et al., 2010) with a NVT 90 rotor in a XL-70 ultracentrifuge (both Beckman Coulter, Krefeld, Germany). After centrifugation, 12 fractions of 400 ml were collected. Fraction density was determined by repeated weighing and ranged from 1.649 ± 0.002 g ml À 1 to 1.764 ± 0.002 g ml À 1 for the unlabeled control treatment and 1.669±0.004 g ml À 1 to 1.770±0.002 g ml À 1 for the 13 CO 2 treatment. After confirmation of successful gradient formation, DNA was purified by PEG precipitation as described by Neufeld et al. 2007 and resuspended in 40 ml of TE buffer prior to storage at À 20 1C. Total nucleic acid concentrations were quantified by using a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Only samples after 14 and 28 days incubation exhibited separation of labeled and unlabeled DNA. The shift towards heavier fractions for day 14 samples are presented in Supplementary Figure  S1 . Fractions 1-4, 5-8 and 9-12 were combined to new subfractions 'light', 'medium' and 'heavy', respectively. The 'light', 'medium' and 'heavy' subfractions were analyzed by FLX 454 pyrosequencing of bacterial 16S rRNA genes and qPCR targeting archaeal and bacterial 16S rRNA genes, as described above.
Genes encoding the formyltetrahydrofolate synthetase (fhs, FTHFS, EC 6.3.4.3) and the methyl coenzyme M reductase (mcrA, EC 2.8.4.1), diagnostic indicators of acetogenesis and methanogenesis, respectively, were amplified from all 12 SIP fractions of the 13 CO 2 and unlabeled control treatments. FTHFS is also found in nonacetogens, such as methanogens and sulfur-reducing organisms. Therefore, acetogen similarity scores (HSc) were calculated to assess potential acetogen affiliations (Henderson et al., 2010) . fhs was amplified by using primers FTHFS-F and FTHFS-R (Lovell and Leaphart, 2005) , whereas, mcrA was amplified with primers mcrA-F and mcrA-R (Springer et al., 1995) . PCR products from each fraction were separated by agarose gel electrophoresis to verify a shift towards heavier fractions (Supplementary Figures S2 and S3) . fhs and mcrA gene fragments of the expected size (1.1 kb or 0.5 kb, respectively) from fractions 5 to 10 (control) from the unlabeled control treatment, as well as fractions 5 to 6 (labeled) from the 13 CO 2 treatment, were purified, cloned, sequenced and analyzed as described previously . A total of 31 fhs and mcrA sequences for each combined fraction were analyzed and used for phylogenetic tree construction. Phylogenetic trees were generated on the basis of neighbor-joining and parsimony methods with 1000 bootstraps, covering amino acid positions 198-423 for fhs (Lovell et al., 1990) and 75-227 of Methanocella paludicola for mcrA. Sequences were assigned to clusters based on their position in the phylogenetic tree. All clone sequences obtained in this study were deposited in the Genbank database (KF748793-KF748915).
Thermodynamic calculations
In situ standard free energies (DG 0 in situ ) for acetoclastic and hydrogenotrophic methanogenesis, as well as acetogenesis were calculated as described in the Supplementary Information.
Results
Soil and pore-water geochemistry Soil and pore-water geochemistry were distinctly different between the mofette and reference site (Figure 1a ; Supplementary Table S1 ). The mofette was highly enriched in TOC in all depths of the mofette soil with up to 32±7 w.-% C and a C/N of 24 ± 2 compared with the reference with up to 6.3 ± 1.2 w.-% C and a C/N of 11.6 ± 0.5. Pore-water pH was more acidic (5.31 ± 0.10) in the mofette compared with the reference soil (6.02±0.24). Mofette soil redox potential remained fairly stable over depth (0.32 ± 0.02 V), suggesting microoxic to anoxic conditions throughout. In contrast, the reference soil had a distinct redox transition from oxic (0.41 ± 0.02 V) to hypoxic conditions (0.29 ± 0.04 V) at the 19 cm and 16 cm depths in June 2011 and August 2012, respectively. Parallel to the stable low redox potential, dissolved Fe(II) was high throughout the mofette soil (up to 604 mM; Supplementary Figure S4) , whereas in the reference soil, dissolved Fe(II) was only detectable below the redox transition. Nitrate was low (o80 mM) at both sites and depleted below 5 cm depth. Sulfate decreased with depth and reached concentrations of up to 340 mM in mofette pore waters and up to 230 mM in reference pore waters. Pore-water acetate was heterogeneously distributed over the soil depth of the mofette at both sampling dates with concentrations up to 37 mM (Figure 1a ). In the reference soil, acetate was not detected in pore waters except for four discrete depth levels in August. CH 4 was only detected in the mofette soil pore water with two peaks in the 10 and 40 cm depth intervals. Thus, CH 4 concentrations were low, but they might be flushed out by the strong CO 2 upstream, which is in the range of hundreds to several thousand liters per hour (Kämpf et al., 2013) .
Acetogenic and methanogenic potentials
Anoxic microcosm incubations showed up to eight times higher rates of potential acetate formation from supplemental H 2 -CO 2 in mofette compared with reference soils (Figure 1b) and it was highest in 10-25 cm depth with 3.0 ± 0.5 mmol g (dw) soil
Acetate production without additional H 2 was only observed in 0-10 cm of the mofette soil. The estimated recovery of reducing equivalents from H 2 (H 2 -CO 2 treatments) suggested that acetogenesis (H 2 :acetate ¼ 4:1) was responsible for up to 100% of H 2 consumption in the mofette soil. Similarly, H 2 -CO 2 -dependent CH 4 formation was generally higher in the mofette soil but only in the first 10 cm methanogenesis (H 2 :CH 4 ¼ 8:1) was a substantial part of observed H 2 consumption (27%) with 0.15 ± 0.02 mmol g (dw) soil À 1 d À 1 (Figure 1b) . In contrast, less than 50% of reducing equivalents from H 2 (H 2 -CO 2 treatments) were recovered by methanogenesis and acetogenesis in the reference soil suggesting that other major anaerobic, H 2 consuming microbial processes took place.
Structure of the active microbial community Major differences in the active archaeal community composition between the mofette and reference soils were revealed with 16S rRNA-targeted pyrosequencing (Figures 2a and b) . Methanosarcinales and Methanomicrobiales were the dominant archaeal groups in all mofette depths (50-90% of total archaeal sequence reads), whereas in reference soil, methanogenic taxons represented o1% of total sequence reads (Figure 2a) . Nitrososphaerales of the Thaumarchaeota were exclusively found in the reference soil where their contribution to total Archaea decreased (10-5%) with depth. Only Crenarchaeota, such as unclassified members of the Miscellaneous Crenarchaeotic Group (Inagaki et al. 2003) , made up high fractions in both soils: 41-66% in the reference and 5-43% in the mofette.
In contrast to the marked differences in archaeal community composition, more overlapping bacterial taxa were active in both soils. Members of the Acidobacteria (55-70%) dominated the mofette soil bacterial community (Figure 2b) , with members of the Proteobacteria (17-22%) and Chloroflexi (2-5%) being also abundant. Proteobacteria (47-53%) and Acidobacteria (16-22%) were most abundant in the reference soil (Figure 2b) . Surprisingly, almost all acidobacterial sequences in mofette and reference soils were related (496% sequence identity) to Candidatus Koribacter sp. (Ward et al., 2009) or (498% sequence identity) to isolate strain 'Ellin624' (Sait et al. 2006) of Acidobacteria Subdivision 1. Diversity estimators revealed low bacterial and archaeal diversity in both soils (Tables 1 and 2 ). However, diversity estimates also suggested significantly higher prokaryotic diversity in the reference soil compared with the mofette soil. Archaeal and bacterial 16S rRNA gene copy numbers decreased with depth and were similar for both soils with 10 9 -10 10 bacterial and 10 8 -10 9 archaeal 16S rRNA genes g (dw) soil À 1 (Tables 1 and 2 (Figure 3) , which are considered to be bacterial in origin (Allison et al., 2007; Jin and Evans, 2010) .
13 C-labeling of ether lipid-derived hydrocarbons was found for archaeal lipids in 0-10 cm incubations for phytane (derived from archaeol) and biphytane (precursor caldarchaeol; Liu et al., 2011) . On the basis of changes in d 13 C of TOC over the incubation, total incorporations into the bulk soil were estimated to be 494 ± 14 ng C g (dw) soil Table S2 ). PLFAs, which are o5% of the microbial biomass, accounted for a significant proportion of CO 2 assimilation with 10.7 ± 0.4 ng C g (dw) soil
in 0-10 cm and 3.9 ± 0.3 ng C g (dw) soil À 1 d À 1 in 25-40 cm, respectively. Estimated incorporation of 13 C into ether lipids in 0-10 cm incubations was in the same range as for single PLFAs with 0.57±0.01 ng C g (dw) soil À 1 d À 1 but it was negligible in 25-40 cm.
13
C incorporation into the 16S rRNA, fhs and mcrA genes DNA-SIP on samples after 14 days of incubation with 13 CO 2 indicated a shift towards heavier fractions ( 13 C-enriched) (Supplementary Figure S1) .
Similar to the RNA-based observations in June 2011, dominant bacterial and archaeal taxa in the SIP incubations (Figure 4 ; Supplementary Tables S3  and S4) were Acidobacteriaceae (Acidobacteria) and Methanoregulaceae (Methanomicrobiales), respectively. Compared with the unlabeled control treatment, we found a moderate increase in sequence abundance of 10% for Acidobacteriaceae and 9% for unclassified Chloroflexi group KD4-96 (Pruesse et al., 2007) in heavy fractions of the 13 C labeled treatment (Supplementary Table S1 ). However, because of the dominance of Acidobacteriaceaerelated 16S rRNA gene sequences, it is likely that we were not able to identify lower abundance CO 2 utilizing bacteria. Methanoregulaceae-related 16S rRNA sequences showed a notable increase in medium and heavy fractions of B13% and B20%, respectively (Supplementary Table S2 ).
Functional genes encoding fhs and mcrA, diagnostic indicators of acetogenesis and methanogenesis, respectively, clearly shifted to heavier fractions 5-6 in the 13 CO 2 treatment (Supplementary Figures S2 and S3 ). fhs sequences were distributed among six clusters (472% sequence similarity) and all contained sequences from the labeled fractions (Supplementary Figure  S5a) . The fhs clusters 1-3 branched with acetogens of 'Cluster A' (Lovel and Leaphart, 2005) and showed high HSc of 91-97%. Only sequences from cluster 3 appeared to be related to a cultured acetogen representative, Sporomusa ovata (493% sequence similarity). The low affiliation of sequences from fhs cluster 1 and 2 with cultured acetogen representatives suggests that they originated from novel acetogens. Other labeled fhs 
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sequences showed a maximum HSc of 79% and branched with environmental fhs homologues or with sequences from non-acetogens within the Chloroflexi and Firmicutes. Although their putative functional affiliation to acetogenesis remains unclear, the occurrence in the heavy fractions suggests direct or indirect 13 C-incorporation. mcrA sequences from 13 C-labeled fractions (Supplementary Figure S5b) branched exclusively within mcrA clusters 1, 2, 4 and 5 (490% sequence similarity) and were related to Methanoregula boonei (492% sequence similarity) or Methanolinea mesophila (484% sequence similarity). Sequences of mcrA cluster 2, related to Methanoregula formicica (493% sequence similarity), and two more sequences within the Methanocellaceae and Methanosarcinaceae were only found in the density fractions containing unlabeled DNA. The higher contribution of sequences of mcrA cluster 1 in the 13 C-labeled fractions (74%) compared with the unlabeled fractions (58%) was fairly consistent to that of Methanoregulaceae 16S rRNA genes and indicated a stronger labeling of associated organisms.
Stable carbon isotope geochemistry of organic metabolites in pore waters of the mofette soil Parallel to the SIP incubations, we investigated the pore-water geochemistry in November 2011 ( Figure 5 ; Supplementary Figure S6 ). Redox potentials averaged 0.28±0.05 V and had two minima at the 7 and 40 cm depth. Pore-water CH 4 showed a distinct peak in ca.
5-15 cm depth with concentrations 461 mM and a fairly uniform d 13 C CH4 of -54.4±1.3%. Below 15 cm CH 4 concentrations were constant, reaching up to 17 mM, but were too low for d 13 C analysis. Concentrations of pore-water acetate increased with depth and were in general above the detection limit for d 13 C analysis (10 mM) below 6 cm depth ( Figure 5 ). The depth profile showed two distinct peaks of up to 50 mM at 7-25 cm and 32-52 cm, respectively. The d
13
C values of acetate ranged from -33.6% to -13.9% and varied with acetate concentration over depth. Only in the shallowest samples (7-8 cm), acetate was depleted in 13 C relative to TOC. Where acetate concentrations were low, d
13 C values of acetate and TOC were similar whereas high acetate concentrations coincided with distinct 13 C-enrichments of up to 12.8% relative to TOC. With -26.7 ± 0.3%, d 13 C-TOC was uniform over depth ( Figure 5 ). CO 2 concentrations were high throughout the pore-water profile and increased from 18 mM (at 2 cm depth) to a fairly stable concentration of 32.1±3 mM (410 cm depth), that is, close to saturation.
Discussion
Effect of upstreaming CO 2 on active microbial community structure Emanating CO 2 appeared to cause alteration of two key pore-water geochemical parameters: the mofette soil was (i) more acidic than the reference soil (DpH ¼ -0.73 ± 0.24) and (ii) characterized by a low, Figure 4 Relative sequence contributions of Archaea orders and Bacteria phyla in heavy SIP fractions from the unlabeled control treatment and the 13 CO 2 treatment of 0-10 cm depth soil after 14 days incubation. Expanded sections represent deduced labeled taxa.
Mofette carbon flow F Beulig et al constant redox potential over depth, as upstreaming CO 2 impedes the introduction of atmospheric oxygen (Figure 1a) . The high TOC contents and C/N ratios in mofette bulk soil were similar to previous observations of carbon accumulations in mofette soils and suggested restricted degradation (Blume and Felix-Henningsen, 2009; Rennert et al., 2011) .
The active archaeal community contained groups that were unique to either the mofette soil or the reference soil. For example, euryarchaeotal sequences were almost exclusively found in the mofette soil where they were mainly represented by the strictly anaerobic methanogenic taxa Methanosarcinales (33-79% of the sequence reads) and Methanomicrobiales (3-15%). Only Crenarchaeota were active in high fractions in both soils and were mainly represented by unclassified members of the Miscellaneous Crenarchaeotic Group, which are thought to be involved in the anaerobic degradation of complex organic carbon compounds (Teske and Sørensen, 2008) .
In contrast, the active bacterial community composition was similar in both soils, suggesting that these consortia are well adapted to changes in redox and pH. However, organisms related to Acidobacteria subdivision 1, isolate strain 'Ellin624' (498% sequence identity; Sait et al. 2006) , and to Candidatus Koribacter sp. (496% sequence identity, Ward et al., 2009) , quantitatively dominated active Bacteria in the mofette soil. Members of this group are primarily considered to be heterotrophs and their abundance in soils is strongly linked to low pH (Sait et al., 2006) . Incubation studies and genome sequences of subdivision 1 and 3 Acidobacteria (e.g., Candidatus Koribacter versatilis; Ward et al., 2009) suggested an important role of these organisms in the degradation of complex organic compounds such as cellulose, hemicellulose, starch and chitin. These compounds are likely a major fraction of the high carbon content in the mofette soil. Because the activity of primary degrading Eukaryotes (e.g., most fungi) is thought to be restricted under anoxic conditions (Leschine, 1995; Reith et al., 2002) , the abundance, activity and metabolic capabilities of Acidobacteria might determine and consequently limit the degradation of organic matter (Figure 6 ).
Bacterial groups assimilating volcanic CO 2
After the 28-day incubation, all analyzed fatty acids were enriched in 13 C and indicated a label distribution between taxonomically diverse groups. Given the prompt label distribution among all analyzed bacterial fatty acids after 5 days and continuous 13 C enrichment over the time series of our study, this suggests that 13 CO 2 uptake could be attributed predominantly to primary consumers.
13 CO 2 assimilation rates were at least two times higher than in previous dark soil incubations (Miltner et al., 2004 (Miltner et al., , 2005 Š antrů čková et al., 2005; Yuan et al., 2012) . Only soil incubations under light, which promote additional phototrophic CO 2 assimilation, were in the same range or higher (Yuan et al., 2012) . 16S rRNA DNA-SIP analysis suggested the labeling of Acidobacteriaceae and unclassified Chloroflexi of group KD4-96 (Pruesse et al., 2007) . C16:1o7c and iC15:0, which represent the major fatty acids in subdivision 1 Acidobacteria (Foesel et al., 2013) , also showed the strongest labeling in our incubations. However, the genome of Candidatus Koribacter versatilis (Acidobacteriaceae) contains no genes of enzymes to be predicted to be involved in autotrophy (Ward et al., 2009) . The importance of non-obligately autotrophic, that is, anaplerotic or facultative autotrophic, CO 2 fixation for bacteria in resource-limited environments, such as the ocean, was previously identified (Matin, 1978; Eiler, 2006; Hü gler and Sievert, 2011) . However, in soils where organic carbon is not limiting, the role of obligate autotrophy vs mixotrophic and/or heterotrophic CO 2 assimilation is still unclear. Previous studies suggested a significant contribution of non-obligate autotrophic CO 2 assimilation to the overall soil carbon budget (Miltner et al., 2004; Š antrů čková et al., 2005; Selesi et al., 2005 Selesi et al., , 2007 , which might be as high as 3-5% of the net respiration (Miltner et al., 2005) . Furthermore, addition of organic substrates to dark soil incubations stimulated CO 2 fixation and correlated with respiration (Miltner et al., 2005 (Miltner et al., , Š antrů čková et al., 2005 . Together with our results, this suggests that, although a wide spectrum of anaerobic and aerobic soil microorganisms can assimilate CO 2 , intermediary metabolisms of soil heterotrophs, for example, via anaplerotic reactions of the TCA cycle strongly determine CO 2 utilization in the mofette (Figure 6 ). (Bräuer et al., 2004; Kämpf et al., 2013) are highlighted throughout the profile as grey lines.
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Acetogens and methanogens assimilating volcanic CO 2 fhs and mcrA DNA-SIP of the 13 CO 2 incubations suggested that novel acetogens and Methanoregulaceae were primarily responsible for chemolithoautotrophic processes (Figure 6 ). DNA-SIP for 16S rRNA genes confirmed the labeling of Methanoregulaceae and suggested the labeling of unclassified Chloroflexi in group KD4-96 (Pruesse et al., 2007) . To date, members of the Chloroflexi are not reported to grow acetogenically. However, genome sequencing (e.g., Wasmund et al., 2014) and metagenomic approaches (e.g., Chan et al., 2013; Hug et al., 2013) suggest that the catalytic potential to utilize CO 2 via the acetyl-CoA pathway might be widespread among members of the Chloroflexi. We speculate that labeled unclassified Chloroflexi are involved in acetogenesis in the mofette soil and belong to one of the identified fhs cluster. SIP analysis of deeper depth incubations with higher acetogenic potential or comparative incubations with additional H 2 might reveal the identity of key acetogens.
Consistent with the 13 C incorporation into the mcrA gene pool, phytane and biphytane presumably derived from archaeol and caldarchaeol, that is, the major core lipids in methanogens (Koga, 2011) , exhibited moderate 13 C-enrichment in the shallow sample. Lower 13 C incorporation into archaeal lipids compared with bacterial fatty acids likely reflects the combination of lower growth rates of methanogens relative to bacteria and the dilution of 13 C incorporation by the large pool of fossil recalcitrant ether lipids that was not removed by the lipid separation protocol used. The hydrogenotrophic Methanoregula boonei, to which most mcrA gene sequences were related, is one of the only three acidophilic methanogens isolated to date (Bräuer et al., , 2011 . Methanogens and acetogens commonly have neutral pH optima as they rely on a membrane proton gradient for energy conservation (Whitman et al.,, 2001; Drake et al., 2013) and therefore must be well adapted, that is, buffered intracellularly, to survive in these environments. Their ecological importance for the flow of carbon and reductants was shown for other acidic environments (Horn et al., 2003; Cadillo-Quiroz et al., 2006; Drake et al., 2009; Hunger et al., 2011) , and their Figure 6 Conceptual model of carbon flow from volcanic CO 2 to soil carbon in the mofette summarizing the observed effects of extreme CO 2 degassing on a wetland soil. Promoted CO 2 utilization and key microbial taxa are presented. Black arrows indicate pathways that are directly affected by the utilization of volcanic CO 2 . SOM: soil organic matter. adaption seems to be a competitive trait over common substrate competitors, such as H 2 -utilizing sulfate reducers.
We estimated the relative contribution of hydrogenotrophic and acetoclastic methanogenesis according to Conrad (2005) by using the d 13 C values of CH 4 , CO 2 and acetate, and isotopic fractionations of -71.8±8.8% (e CH4/CO2 ; for hydrogenotrophic methanogenesis in Methanoregulaceae dominated sediment (Liu et al., 2013) and -21% (e CH4/Acetate ; for acetoclastic methanogenesis by a pure culture of Methanosarcinaceae (Gelwicks et al., 1994) . The contribution of hydrogenotrophic methanogenesis increased in the mofette soil from 5% in 5 cm to 44% in 10 cm depth. Moreover, thermodynamic calculations suggested that H 2 concentrations of only 0.1-0.2 nM were required for hydrogenotrophic methanogenesis with a free energy yield of at least -10 kJ mol À 1 . By contrast, acetoclastic methanogenesis is a thermodynamically feasible reaction throughout the sampled depth interval with a free energy yield of at least -44.9 ± 1.9 kJ mol À 1 . Assuming an average isotopic fractionation (i.e., e acetate/CO2 ) of -57% (Gelwicks et al., 1989; Heuer et al., 2010; Blaser et al., 2013) , we would expect acetogenesis to produce acetate with d 13 C-values around -59% in the mofette soil, where d 13 C CO2 is on average -1.95±0.06% (Bräuer et al., 2004) . However, the observed d 13 C of pore-water acetate ranged from -33.6% to -13.9%. A slight 13 C-depletion of acetate relative to TOC was only observed at 7-8 cm depth, though thermodynamic calculations suggested that acetogenesis would yield sufficient free energy (-10 kJ mol À 1 ) in the presence of a low threshold H 2 concentration of only 7-10 nM. Previous gas measurements in this region detected H 2 concentrations in the emanating gas stream of B1 to 30 ppm (Weinlich et al., 1998 (Weinlich et al., , 2003 . Because of the constant flushing by the ebullition of CO 2 gas and the associated stripping of any minor components H 2 accumulation outside of microenvironments is unlikely. Therefore, we assume that H 2 for acetogens is mainly supplied via syntrophic relationships from organisms fermenting the highly enriched organic matter in the mofette (Figure 6 ). Considering, that CO 2 readily diffuses across the cell membrane (Lodish et al., 1995) , elevated CO 2 concentrations might increase the energy yield of hydrogenotrophic acetogenesis and methanogenesis (Supplementary Figure S7) and therefore significantly lower the threshold H 2 concentration. The coincidence of high acetate concentrations and high d 13 C acetate is surprising, because no process is known that corresponds to 13 C-enrichment during acetate formation. Instead, to date 13 C-enrichment of the pore-water acetate pool is only known to result from preferential consumption of isotopically light acetate during acetoclastic methanogenesis. If the 13 C-enrichment of the pore-water mofette acetate pool results from acetoclastic methanogenesis, the acetate concentrations were likely decreasing over time particularly in the depths with the highest acetate concentrations (14-21 cm and 38-54 cm). This finding and the ample free energy yield of acetoclastic methanogenesis of at least -44.9±1.9 kJ mol À 1 points to a decoupling of acetate production and consumption in distinct intervals of the mofette soil via excess acetate production. This decoupling would contribute to the inhibition of anaerobic matter decomposition.
Conclusion
Extreme CO 2 degassing significantly affected mofette soil chemistry (lower pH and redox potential, as well as increased carbon content) and resulted in lowered microbial diversity by favoring acidotolerant microorganisms, such as subdivision 1 Acidobacteria, and anaerobic methanogens and acetogens ( Figure 6 ). The promotion of these organisms might be linked to substantial changes in carbon cycling that led to the accumulation of carbon in mofette soils. We observed high CO 2 fixation rates, relative to previous studies, but these rates were negligible relative to the strong CO 2 emanations. Our data suggest that the diversity of microbial communities at other sites with high CO 2 seepages may be affected, thereby altering carbon cycling through inhibition of organic carbon decomposition and promotion of CO 2 -fixation.
